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INTRODUCTION 
Aluminum castings can contain pinholes caused by porosity from a number of sources, 
including the presence of gas or from shrinkage. These pinholes, although normally small 
in size and number, can greatly influence the properties ofthe casting, often resulting in the 
scrapping ofthe part. While many factors are involved in the formation ofporosity in 
aluminum castings, such as the influences ofhydrogen and aluminum oxide (Al20 3) on 
gas-porosity, this study investigates the effects of cooling rate and section thickness. These 
factors are studied by using a sand cast aluminum bar with different section thicknesses 
which undergo different cooling rates during casting [1,2]. 
Ultrasonic C-scan imaging is used in a variety of applications for investigating 
variations within materials. For example, echo amplitude is used in detecting flaws or 
darnage and ultrasonic wave speed and attenuation have been used for mapping porosity 
[3,4]. Materials ranging from monolithic to composites can be investigated with C-scan 
imaging [5,6]. In this study, uhrasonie C-scans are used to characterize the porosity in a 
sand cast aluminum bar containing four steps. Uhrasonie longitudinal and shear wave 
speeds are measured through the step thickness in the pulse-echo configuration at evenly-
spaced positions over each step surface. Based on the wave speed measurements, which 
utilize a type of phase-slope analysis technique known as the transfer function, the modulus 
of elasticity and Poisson's ratio are calculated. Since the pinholes caused by porosity are 
much smaller than the ultrasonic wavelength, negligible scattering occurs. However, the 
accumulative effect of many pinholes may cause considerable scattering and ultrasonic C-
scans can be used to estimate the size and location of porous regions in the stepped 
aluminum bar casting. 
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Uhrasonie Wave Propagation 
Normal-incidence uhrasonie transducers propagate waveforms through materials in a 
pulse-echo configuration as shown in Figure I [7]. An ultrasonic waveform is transmitted 
through the transducer's wear plate into the couplant gap. The pulser/receiver receives 
reflected echoes as the wave reverberates within the specimen. The full scale, front 
surface, first, and second back echoes (FS, FI, BI, and B2, respectively) are shown in the 
oscilloscope trace in Figure I. In this study, immersion tests have been performed to 
measure longitudinal wave speeds using the front (FI) and first (BI) back echoes for 
analysis. For shear wave speed measurements, direct-contact tests have been performed 
using the first (B 1) and second (B2) back echoes. 
Transfer Function 
In general, a transfer function is defined as the ratio of the output of a system to the 
input. For example, for longitudinal wave speed measurements, the Fourier transform of 
the front echo (F I) is defined as the system input, and the Fourier transform of the first 
back echo (BI) is defined as the system output. The transfer function H( ro) is the ratio of 
these two signals, as given in Equation (I): 
Y((J)) -[a.+i·(ro /v)·2·d] 
H((J)) = -- = e 
X((J)) 
where ro is the frequency (rad/s); v is the wave speed (in/s); d is the specimen thickness 
(in); Y(ro) is the Fourier transform ofthe firstback echo (BI); and X((J)) is the Fourier 
transform ofthe front echo (Fl). The overall attenuation ofthe material and measuring 
system (a) can be calculated using the relationship given in Equation (2): 
The slope ofthe linear portion ofthe phase spectrurn is used to calculate the phase shift 
(8(ro)) between the system input and output. The wave speed is calculated using 
pecimen 
Oscillo cope Trace 
FSFI 
BI 
82 
____, l J, ,, 
Piezoelectric rystal 
Figure I. Pulse-echo technique using longitudinal ultrasonic waveforms. 
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Equation (3): 
-2·d (3) 
V= (9~)) 
Second-Order Elastic Constants 
Poisson' s ratio ( v) and modulus of elasticity (E) can be calculated based on 
measurements ofultrasonic longitudinal and shear wave speeds and are given by Equations 
(4) and (5)[8]: 
v = 1-2·(vT/vLY 
2-2·(vT/vLf 
2 {l+v}(l-2·v) E = V L • p . _,_____(.<.,--1 __,__-V)----<-
where vL and vT are the longitudinal and shear wave speeds, respectively, and p is the 
density of fully compact aluminum. 
EXPERIMENTAL SETUP 
(4) 
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Figure 2 shows the stepped aluminum bar casting. There are four steps which vary in 
thickness as well as in stepwise length dimension. The casting has been machined to better 
than 63V finish and each step is parallel with the bottom surface within 0.001 ". To avoid 
distortions in the ultrasonic waveforms due to edge effects, all scans have been performed 
within one transducer' s radius of each edge. 
A schematic ofthe ultrasonic C-scan setup is shown in Figure 3. There are three main 
components in the setup: the normal-incidence transducers used for ultrasound propagation; 
the equipment used for positioning the specimen; and the equipment used to control, 
acquire, and analyze the ultrasonic waveforms. 
Ultrasonic Transducers 
Both longitudinal and shear transducers have been used in this study. Figure 4 shows 
the setup and orientation of each transducer with respect to the specimen during testing. 
Stepwise Direction 
Figure 2. Stepped aluminum bar casting. 
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Figure 3. Schematic ofthe C-scan testing setup. 
For longitudinal wave speed measurements, immersion tests were performed. A 
Panametrics V306, 2.25 MHz, 1/2"-diameter normal-incidence longitudinal transducer is 
oriented so that wave propagation and oscillation are in the specimen thickness direction. 
For shear wave speed measurements, direct contact pulse-echo tests have been 
performed using a processed molasses couplant. A Panametrics V154, 2.25 MHz, 1/2"-
diameter, normal-incidence shear transducer is mounted with oscillation in the specimen 
stepwise direction. Due to the difficulty in maintaining couplant thickness when using 
direct contact with the high-viscosity molasses, a constant 0.010" couplant gapwas used 
for every shear test. 
Positjonin~: Equjpment 
A 3-axis Bridgeport Interact 412 CNC (Computer Numeric Control) machine was used 
for positioning the specimen. This vertical machining center can position the machine bed 
with respect to the tool spindie within 0.0004". A Heidenhain TNC151 control is used for 
direct programming ofthe CNC bed position. The transducer is attached to the CNC 
spindie using a fixture in conjunction with a CNC collet. The test specimen is mounted on 
the bed ofthe CNC using one ofthe setups as shown in Figure 4. In longitudinal C-scans, 
a water bath of distilled water was mounted on a hot plate, which was used to maintain a 
constant bath temperature of 81 °F. A constant water-gap between the transducer and 
specimen of0.375" was used. A support fixture suspends the specimen in the water bath 
and provides alignment between the transducer and specimen through the use of leveling 
screws. For shear C-scans, the specimen was clamped to a vise which is mounted on the 
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Figure 4. Ultrasonic transducer setup. 
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CNC bed. An electronic height gage was used to accurately initialize the distance between 
the top surface ofthe specimen and the CNC-mounted transducers. 
A program written on the Heidenhain controller positions the specimen with respect to 
the transducer for each data point of the scan. The lateral and stepwise initial positions are 
established at least one transducer's radius away from each edge. Since the planform area 
of each step on the step-cast specimen is approximately square ( except for the first step 
which has a lateral/stepwise aspect ratio of 1.5), C-scans were performed by taking 
ultrasonic measurements within a 22 x 22 grid with a 0.050" spacing. A relatively slow 
feed rate of 15 in/min was used to avoid excessive disturbance ofthe couplant/specimen 
interface. At each position, a pause (approximately 27 s) allows time for the experimental 
setup to take data. 
Since the CNC is incapable of directly communicating with the computer running the 
ultrasonic test, the control program includes an algorithm to retract the spindie by 0.5'' after 
pausing at each position to depress a contact switch. The normally-open contact switch is 
wired to provide 6 VDC whenever it is depressed. The computer monitors the state of the 
contact switch through aNational Instruments Lab-PC+ data acquisition board. When a 5 
V threshold is exceeded, the computer executes its acquisition and analysis and waits for 
the switch to return to its normally-open position (and CNC movement to the next 
programmed position). 
U1trasonjc Control. Acqyjsjtjon. and Analysis 
The ultrasonic transducer is excited by a Krautkramer-Branson USIP 12 
pulser/receiver. Ultrasonic pulses in the form ofnarrow-band waves with a 0.5 MHz-15 
MHz frequency range or broad-band waves with a 1 MHz-25 MHz range can be generated, 
depending on the transducer used. The ultrasonic echoes from the test specimen are sent as 
analog waveforms to a Philips PM3323 500 MS/s digital oscilloscope using an RF output. 
Individual ultrasonic echoes are windowed on the oscilloscope in two steps: firstly, 
successive ultrasonic echoes are isolated on the oscilloscope; secondly, the timebase is 
adjusted to maximize the resolution in the AID conversion of the waveform. 
A Gateway2000 486/66 MHzcomputer running National Instruments' LabVIEW 
software is connected to the oscilloscope using an intemal National Instruments IEEE card 
(GPIB). Using GPIB commands, the echoes on the oscilloscope aretransferred digitally to 
the computer. After the download, a transfer function analysis algorithm is employed to 
calculate the ultrasonic wave speed and attenuation. 
RESULTS AND DISCUSSION 
Initially, B-scans were performed to measure the ultrasonic wave speed and 
attenuation in each step ofthe alurninum bar casting. Figure 5 shows the results oftwo 
successive partial B-scans ofthe first step. A 10 MHz, 0.25" diameter, longitudinal 
normal-incidence ultrasonic transducer was used to scan laterally across the center ofthe 
step. In this stepped bar, however, there is a complication in that the attenuation 
measurements are based on highly modulated echo-decay pattems. In general, the 
attenuation peaks occur at positive and negative peaks in the wave speed gradient. It is 
assumed that this behavior is due to the refractive scattering of ultrasonic waves that occurs 
at locations ofhigh wave speed gradient in the specimen. This "channeling" ofthe 
ultrasonic energy results in an apparent attenuation coefficient being measured. It was 
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Figure 5. Ultrasonic B-scan ofstepped aluminum bar casting (step 1). 
therefore determined that second-order elastic constants would be used to characterize the 
porosity [4,9]. 
Figures 6 and 7 show C-scans ofultrasonic longitudinal and shear wave speeds in the 
first and second steps ofthe aluminum bar casting. Modulus of elasticity and Poisson's 
ratio were calculated for every C-scan position based on the measured wave speeds. Figure 
8 shows the variations of modulus of elasticity within the first and second steps of the bar. 
1996 
Longitudinal 
Wave peed (x I 05 in/s) 
Lateral Position (in) 
hear 
Wave peed (x 105 in/s) 
Lateral Position (in) 
Figure 6. Ultrasonic C-scans ofstepped aluminum bar casting (step 1). 
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Figure 7. Ultrasonic C-scans ofstepped aluminum bar casting (step 2). 
In each step there is a distinct region of low modulus near the transition to the next step. 
This is attributed to high porosity due to slower cooling rate as a result of converging heat 
flow during the solidification process. A comparison ofthe mean modulus of elasticity and 
the standard deviation for all four steps is shown in Figure 9. The modulus of elasticity 
increases from a mean value of9.92 to 10.12 Msi as the section thickness increases from 
step 1 to step 3. However, with a further section thickness increase to step 4, the modulus 
decreases to 10.07 Msi. Although not shown, Poisson's ratio decreases from a mean of 
0.336 to 0.330 from the first to the third step before increasing to 0.332 in step four. 
While it was not in the scope oftbis study to quantitatively measure porosity in the 
stepped aluminum bar casting, a full-page scannerwas used to record the porosity 
distribution visually. Figure 10 shows the scanned image and an enhancement ofthe 
porosity made using an image processing software package. It is evident that the porosity 
in the stepped aluminum bar casting increases as the step thickness increases. 
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Figure 8. Modulus of elasticity variations within the first and second steps. 
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Figure 9. Modulus of elasticity comparison of all four steps. 
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Figure 10. Scannerand enhanced image of stepped aluminum bar castiQg. 
CONCLUSIONS 
Basedon the C-scans performed on a stepped aluminum bar casting in this study, 
several conclusions are drawn: 
• C-scan imaging can be used to map ultrasonic longitudinal and shear wave speeds. 
• attenuation measurements are not appropriate for porosity characterization due to 
refractive scattering. 
• modulus of elasticity increases from a mean value of9.92 to 10.12 Msi as the section 
thickness increases from 0.22" to 0.71". However, with a further section thickness 
increase to 0.96", the modulus decreases to 10.07 Msi. 
• Poisson's ratio decreases from a mean of0.336 to 0.330 as section thickness increases 
from 0.22" to 0.71 ". Fora 0.96" section thickness, Poisson's ratio increases to 0.332. 
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